Cellular membrane proteins are a critical part of the host defense mechanisms 24 against infection and intracellular survival of Listeria monocytogenes. The complex 25 spatiotemporal regulation of bacterial infection by various membrane proteins has 26 been challenging to study. Here, using mass spectrometry analyses, we depicted the 27 dynamic expression landscape of membrane proteins upon L. monocytogenes 28 infection in dendritic cells. We showed that Dynein light chain 1 (Dynll1) formed a 29 persistent complex with the mitochondrial cytochrome oxidase, Cox4i1 that is 30 disturbed by pathogen insult. We discovered that the dissociation of the 31 Dynll1-Cox4i1 complex is required for the release of mitochondrial reactive oxygen 32 species and serves as a regulator of intracellular proliferation of Listeria 33 monocytogenes. Our study shows that Dynll1 is an inhibitor of mitochondrial reactive 34 oxygen species and can serve as a potential molecular drug target for antibacterial 35 treatment. 36 37 Keywords：Dynll1-Cox4il Complex Listeria monocytogenes Reactive oxygen 38 species Membrane proteins Proteomics 39 40 41 42 43 44 on February 20, 2020 by guest http://iai.asm.org/ Downloaded from 3 / 34 65 components of the autophagosome influx system have been reported to participate in 66 on February 20, 2020 by guest http://iai.asm.org/ Downloaded from 4 / 34 the cargo degradation process (13, 14). Coating and pH modification of the 67 phagosomes are regulated by membrane-bound vesicular adenosine triphosphate (ATP) 68 pumps and small guanosine triphosphate hydrolases (GTPases) that render the 69 environment inhospitable for bacteria (3). We and others have previously shown that 70 GTPase Rab32 trafficking is critically involved in the bacteria containment process 71 via its regulation of biogenesis of lysosome-related organelle complexes (BLOCs) 72 (15-17). Collectively, these phagocytic cells defenses present substantial challenges 73 that allow for efficient elimination of most prospective bacteria. 74 To overcome the defense systems of phagocytic cells, successful bacteria have 75 evolved countermeasures to modify and evade MPs. These countermeasures are most 76 commonly seen in infection of Listeria monocytogenes, Salmonella typhimurium, and 77 Shigella flexneri, which have gained the ability to reside in host immune cells 78 designed to eliminate them (18-20). These mechanisms include uniquely secreted 79 proteins that can cleave Rab32 and inhibit BLOC function (S. typhimurium GtgE) and 80 pore-forming enzymes that can rupture the phagosome [L. monocytogenes 81 listeriolycin O (LLO)] (21). Once these bacteria escape from the phagosome, they can 82 hijack the host cytoskeleton to cross through cell membranes (for e.g., L. 83 monocytogenes uses its surface actin-assembly inducing protein ActA and S. flexneri 84 uses LcsA, a surface autotransporter protein) (22). It has also been suggested that 85 intracellular bacteria may disrupt the normal phagocytosis process to increase nutrient 86 load in their favor. It is currently unknown whether the host cells possess additional 87 mechanisms to counteract these bacterial offensive strategies. 88 on February 20, 2020 by guest http://iai.asm.org/ Downloaded from 5 / 34 In this study, we performed a comprehensive proteomics search to delineate 89 differences in the expression profiles of MPs in dendritic cells (DCs) over the course 90 of L. monocytogenes infection. From this characterization, we aim to identify 91 potential mechanisms by which DCs control the intracellular proliferation of Listeria 92 monocytogenes. 93 94 Results 95 The membrane proteome of dendritic cells is altered by L. monocytogenes 96 infection 97 To analyze the membrane proteome of DCs, we first optimized a protocol for 98 isolating only MPs while avoiding cytoplasmic and other organelle contamination 99 (Figure 1A). Briefly, cells were first passing through the proprietary filter (Invent 100 Biotechnologies) in the zigzag manner when high-speed centrifugal force was applied, 101 resulting in the cell lysate obtained. Membrane proteins and cytosol proteins were 102 further separated from the cell lysate by subsequent differential centrifugation. We 103 tested the efficacy of this protocol by checking the expression of established organelle 104 markers using western blotting. Consistent with our expectations, the Golgi-localized 105 Rcas1 and the trans-Golgi SNARE protein syntaxin-6 were strongly enriched in the 106 MP portion of cell lysates, whereas the cytosolic chaperone Hsp90 was notably 107 excluded (Figure 1B). We then performed high performance liquid 108 chromatography-mass spectrometry (HPLC-MS) of the MPs by subdividing each 109 sample into 40 fractions based on elution time; the fractions were then merged into 110 on February 20, 2020 by guest http://iai.asm.org/ Downloaded from 6 / 34 eight portions for analysis ( Figure 1A) . From this procedure, we recovered a total of 111 8,614 unique proteins at a peptide false discovery rate (FDR) cutoff of 1% in six 112 experiments (three No infection and three infected DCs), of which 4,783 were shared 113 amongst least three experiments ( Figure 1C and Table S1 ). Wild type (WT, No 114 infection) or infected DCs correlations between protein expression profiles across 115 different samples showed a Spearman's correlation coefficient that exceeded 0.8 116 under these cutoff parameters ( Figure S1A ). Notably, our strategy was also able to 117 recover MPs from all major intracellular organelles (Table S1) . Principal component 118 analysis (PCA) proved that the infected and WT DCs (No infection) were completely 119 separated, and the three biological repeats of each DCs types appeared well-clustered 120 (Figure S1B). The distribution of the logarithmic fold changes of proteins is presented 121 in a histogram (Figure S1C). The global MS data of MPs are displayed using a heat 122 map (Figure S1D). Beyond changes in host proteins, we also found a large number of 123 Listeria proteins in the infected DCs , such as Actin-assembly inducing protein (ActA, 124 Lmrg_02626) and Listeriolysin O (LLO, Lmrg_02624) (Table S2 ), confirming that 125 our method was sensitive to the biological context of the assay. Collectively, these 126 results supported the robustness of our fractionation and MS approaches.
Introduction 45
The cellular membranes of phagocytic cells are highly complex interfaces that 46 perform a broad spectrum of internal and external environment-sensing reactions. 47 Previous reports have shown that the mTORc1 complex acts as an internal membrane 145 sensor by localizing in lysosomal membranes under conditions of various stresses 146 (29) (30) (31) (32) . Western blotting of whole protein, MP, and cytosolic fractions of DCs 147 showed increased membrane localization of mTOR in infected cells, even though the 148 total protein content did not significantly vary between WT (No infection) and 149 infected DCs ( Figure 2D , 2E and S2). Additionally, other autophagy-related proteins, 150 Atg2b, Atg4b, and Dynll1, also showed a similar expression pattern, suggesting that 151 membrane recruitment of proteins to the autophagosome may be important for the DC and 3B). It was reported that Dynll1 interacted with BECN1 (Beclin1) and recruited 169 BCL211 (also known as BIM) to microtubules, thereby inhibiting autoghagy. In 170 starvation conditions, the Dynll1-Beclin1 complex dissociated, thereby ameliorating 171 autophagy inhibition (34, 35) . These studies suggested that Dynll1 may be a 172 multifunctional small molecule involved in autophagy. In order to verify the function 173 of Dynll1 upon L. monocytogenes infection, various mutant L. monocytogenes strains 174 were used. This effect of Dynll1 was also observed in ActA-deficient strains of L. 175 monocytogenes, in which the pathogen continues to persist in the cytoplasm after 9 / 34 lysosome escape instead of propagating into neighboring cells ( Figure 3C ), suggesting 177 that Dynll1 served some function that was independent of intercellular propogation.
178
Interestingly, Dynll1 deficiency had no impact on L. monocytogenes cells that lacked 179 the phagosome-rupturing enzyme (LLO) which is incapable of vacuole escape, 180 suggesting that Dynll1 may mostly function in response to intracellular proliferation 181 ( Figure 3D ). Additionally, lower numbers of lysosome-escaped bacteria (containing 182 reporter-tagged ActA) were observed in Dynll1-/-mutants compared with WT cells 183 ( Figure 3E and 3F), this result further supports Dynll1-/-mutant affect intracellular 184 proliferation of Listeria. 185 In order to rule out the effect of host cell death on CFUs experimental 186 perturbations, we further performed apoptosis assays and live cell counts on WT and 187 Dynll1-/-mutant during the Listeria infection at the time points we described, but 188 were unable to observe any differences in either early or late apoptosis ( Figure S5A , 189 S5B and S5C). From bead uptake assays, we observed that Dynll1 deficiency also did 190 not appear to affect the phagocytotic capability of DCs ( Figure S6A and S6B). shown to inhibit the phosphorylation of IκBα to influence NFkb signaling (37).
200
Therefore, we first explored the possibility that the effects we observed were 201 dependent on IκBα. Western blotting of WT and Dynll1-/-DCs during the first hour 202 of Listeria infection showed that Dynll1 deficiency had no effect on the increasing 203 levels of pIκBα present, even though protein expression of Dynll1 also displayed a 204 similar trend in the WT DCs ( Figure S7A and S7B). Furthermore, DCs were 205 insensitive to treatment with IκBα phosphorylation inhibitor at the start of infection, 206 with significant differences in pathogen burden only seen at very high concentrations 207 (10μM) of inhibitor ( Figure S7C ). Interestingly, Dynll1-/-DCs also displayed 208 increased pathogen burden under this treatment at 6.5h. These results therefore 209 suggested to us that Dynll1 participation in the signaling pathway of NF-κB may not 210 be an important factor during Listeria infection in DC2.4 cells.
211
To gain more insight into the potential role of Dynll1 during Listeria infection, 212 we screened for its interacting partners using immunoprecipitation (IP)-MS studies.
213
Western blotting and gel electrophoresis assays were first used to verify the purified 214 Dynll1 protein ( Figure S8A and S8B). Using IP-MS, we detected 158 possible 215 interacting partners of Dynll1 in DCs (a number that has not been previously reported 216 in existing protein-protein interaction databases; Table S3 ). Spearman's correlation 217 analysis of each interacting pair (three replicates for each pair) confirmed that our 218 results were relatively consistent ( Figure S8C ), and PCA verified that the 219 co-immunoprecipitated proteins of WT (No infection) and infected DCs were 11 / 34 completely separated ( Figure S8D ). Differentially expressed proteins between WT 221 (No infection) and infected DCs are shown in a volcano plot ( Figure 4A ). Intriguingly, 222 our data predicted that the types of proteins that interacted with Dynll1 were 223 significantly altered by infection ( Figure S9 ). Therefore, we selected several of the top 224 varied proteins to detect protein interactions using proximity ligation assay (PLA).
225
While we were able to identify protein spots of each complexes, Rab1a-Dynll1 226 ( Figure S10A ), Snx2-Dynll1 ( Figure S10B ) and Canx-Dynll1 ( Figure S10C ), were 227 not measurably altered by infection. In order to further search the signal paths affected 228 by Dynll1, KEGG analysis was employed. The enrichment of proteins involved in 229 oxidative phosphorylation was observed ( Figure 4B ). Because Dynll1 itself is not 230 known to be a MP, and our results showed that it may have a role distinct from 231 traditional autophagy, we investigated whether Dynll1 interacted with any known 232 MPs involved in oxidative phosphorylation. We found that the interaction between 233 Dynll1 and the mitochondrial respiratory chain member, Cox4il, was significantly 234 lowered after infection ( Figure 4A ). Importantly, Cox4i1 was detected in the IP-MS of 235 the WT and infected DCs, unlike other proteins that were detected under only one 236 condition, such as Rab1a, Stx7, B2m and Vamp3 (Table S3 ). Forward and reverse 237 co-IP assays confirmed that Dynll1 and Cox4il could interact, and that the extent of 238 the interaction was lowered by infection ( Figure 4C , 4D and S11). These results were 239 also consistent with our co-IP-MS data, which showed decreased levels of Cox4i1 Figure 5A ). In addition, ultra-high-resolution microscopy showed that the protein 248 complex was located inside the mitochondria ( Figure 5B ). In order to further verify 249 the loss of Dynll1 from mitochondria following infection, we extracted mitochondria 250 for western blot analysis and the results showed that the extent of Dynll1 was 251 significantly reduced by infection ( Figure 5C , 5D and S12).
252
To test whether Dynll1 exercised its functions through interaction with Cox4il, 253 we generated Cox4i1 knockout and overexpression DC2.4 cell lines ( Figure 6A Figure S13A , S13B and S13C). WT cells, the oxidative burst was more subdued in Cox4il-/-cells ( Figure 6C and 6D) . 266 However, depletion of Dynll1 significantly increased the strength and duration of the 267 mitochondrial oxidative burst ( Figure 6C and 6D ). In addition, the results showed that 268 the addition of sodium azide (the use of the general cytochrome C oxidase inhibitor) 269 significantly increased the CFUs of L. monocytogenes in dynll1-deficient cells, but 270 had no effect on Cox4i1-deficient cells, further demonstrating the importance of the 271 mitochondrial oxidative burst on bacterial viability ( Figure 6E ). In order to clarify that 272 the bacterial inhibition observed was indeed dependent on the protein complex, we 273 constructed Dynll1-/-and Cox4i1-/-double knockout cells ( Figure 6F ). Interesting,
274
Listeria burden in these cells following infection was much closer to the levels in WT 275 cells, albeit still significantly lower ( Figure 6G ). This result suggests that the function (39) (40) (41) . Damaged mitochondria by themselves may also serve to propagate 287 inflammatory responses in the cell by serving as lipid antigens and as a source for free 288 nucleic acids (42, 43) . Macrophages are known to use mitochondria to generate ROS 289 to kill antigens captured in lysosomes, and even potentially burst mitochondrial DNA 290 to serve as a scaffold for extracellular traps for pathogens (44, 45) . However, the role 291 of the mitochondria after pathogen escape from the lysosome remains unclear. In this 292 report, we observed that the respiratory chain complex member, Cox4il, played a role 293 in the killing of intracellular Listeria by promoting the release of mitochondrial ROS.
294
This release appears to be far less intense than the oxidative bursts that occur in 295 activating neutrophils (46); however, it is likely to have broad effects considering the (48), and different ROS species may mediate distinct effects.
299
How these different ROS species may trigger host responses or otherwise directly 300 disrupt bacterial processes critical for the intracellular survival of Listeria remains to 301 be explored.
302
From our data, it appears that the Cox4i1-triggered mitochondrial ROS signals 303 may not originate from the direct contact of Listeria with the mitochondrion after 304 lysosomal escape; instead it is triggered by the disassociation of Dynll1 from Cox4il.
305
Dynll1 is a subunit of the dynein motor complex and is known for its role in vesicular 306 transport(36). However, more recent work has shown that it may participate in other as iBAQ of the protein divided by the total iBAQ of all proteins in one sample and 396 then multiplied by 10 5 for ease of presentation to obtain iFOT.
397
Proteome data filtering and bioinformatics analysis 398 The proteins which were detected in at least 3 of 6 experiments were picked for 399 bioinformatics analysis. The differentially expressed proteins that showed more than a 400 two-fold change between paired samples (P-value < 0.05 by using paired two-tailed 401 student test) were selected. The WebGestalt system (http://www.webgestalt.org/) was 402 used for GO enrichment and KEGG analysis, and the significance level was set at P < 403 0.05, using all identified proteins as reference. The STRING database 404 (https://string-db.org/) was used for network analysis and the interaction score was set 405 to high confidence (scores > 0.7). Protein-protein interaction networks were displayed 406 using Cytoscape software.
407

Establishment of knockout, knockdown and over-expression DCs
408
The DNA sequence of 3GGGGS-Cox4i1 were synthesized commercially (BGI, 409 China), and then were linked into FUGW-EYFP plasmid by T4 DNA ligase between 410 BsrGI and EcoRI sites. SgRNA of Dynll1, Cox4i1, Atg2b and Atg4b were also 411 synthesized according to the sequences as follows: Dynll1 forward: 
